Background. We studied whether severely immunocompromised, human immunodeficiency virus (HIV)-infected children who were beginning highly active antiretroviral therapy (HAART) or changing HAART regimens could spontaneously respond to a recall antigen (tetanus toxoid [TT] vaccine) or respond to a recall antigen and neoantigen (hepatitis A virus [HAV] vaccine) after 3 vaccinations.
Background. We studied whether severely immunocompromised, human immunodeficiency virus (HIV)-infected children who were beginning highly active antiretroviral therapy (HAART) or changing HAART regimens could spontaneously respond to a recall antigen (tetanus toxoid [TT] 
vaccine) or respond to a recall antigen and neoantigen (hepatitis A virus [HAV] vaccine) after 3 vaccinations.
Methods. A total of 46 children who had CD4 cell percentages Ͻ15% and who demonstrated a Ͼ0.75-log reduction in plasma HIV RNA levels within 4 weeks of starting HAART were randomized to receive vaccinations with either TT or HAV vaccines during the first 6 months of HAART. Study subjects then received the alternate vaccine during the next 6 months of HAART.
Results. Despite the early decline in viremia and the later increase in the percentage of CD4 T cells, spontaneous recovery of cell-mediated immunity (CMI) was not seen for TT. Serologic responses to TT required 3 vaccinations and were comparable in both groups. Serologic responses to HAV were infrequent and of low titer, although the group that received HAV vaccine after receiving TT vaccine performed somewhat better. CMI to HAV was virtually absent.
Conclusions. Severely immunocompromised children who are receiving HAART develop CMI and antibody to a recall antigen independent of the timing of vaccination, but they require a primary series of vaccinations. Antibodies to a neoantigen, HAV, developed when vaccination was delayed after initiation of HAART. CMI to a neoantigen was difficult to establish.
Trial registration. Clinicaltrials.gov identifier: NCT00004735/PACTG P1006.
Highly active antiretroviral therapy (HAART) has changed the face of HIV infection in children and turned a deadly disease into a chronic one by reducing the mortality [1, 2] associated with opportunistic infections [3, 4] . Therefore, the cornerstone of HAART's effectiveness is the reduction of HIV viral burden coupled with an increase in the number of CD4 cells [5] , although discordant virologic and/or immunologic responses have been described [6] . Early studies of the dynamics of immune reconstitution in adults indicated that the modest replenishment of CD4 cells after starting HAART is a bimodal process in which memory cells appear initially, followed by an increase in the population of phenotypically naive cells [7] . The predominance of the newly expanded memory cells fuels the return of T cell-mediated responses to recall antigens [8] . Children treated with HAART also experienced a significant increase in CD4 T cell count, mostly naive in phenotype, [9, 10] presumably due to the presence of a fully functional thymus [11, 12] . The functionality of newly returned cells plays an important role in the process of immune reconstitution [13] but it is not clear whether the return of CD4 cells or the inhibition of HIV replication is more important.
Other studies have evaluated whether the cellular and humoral immune dysfunction evidenced by abnormal responses to antigens and vaccines [14, 15] in the pre-HAART era can be reversed with an increased number of T cells. In contrast to other pediatric studies, the present study evaluated severely immunodeficient, HIV-infected children and adolescents, with CD4 percentages Ͻ15%, who were beginning HAART or changing HAART regimens, and we studied the dynamics of immune reconstitution over the ensuing year. The objectives of the present study were to assess the role of the kinetics of CD4 reconstitution, the effect of viremia on the spontaneous return of memory cells' immune function, the ability of memory cells to respond to vaccination, the ability of naive cells to respond to a neoantigen, and the durability of any responses that developed.
SUBJECTS, MATERIALS, AND METHODS

Study Design
Pediatric AIDS Clinical Trials Group (PACTG) Protocol 1006 was a randomized, comparative, response study of severely immunosuppressed (CD4 cell percentage Ͻ15%), HIV-infected children and adolescents beginning open-label HAART (defined as 3 or more antiretrovirals from at least 2 different classes of drugs, including 1 nonnucleoside reverse-transcriptase inhibitor [NNRTI] or protease inhibitor [PI] or T-20 [enfuvirtide] for those subjects who were not naive to nucleoside analogues). The inclusion criteria were as follows: (1) age 2-24 years, (2) CD4 cell percentage Ͻ15%, (3) beginning or changing to 2 new antiretroviral drugs as part of a HAART regimen at or 2 weeks prior to study entry, (4) no previous HAV vaccination or antibody to HAV, and (5) completion of primary tetanus vaccination series. The study was approved by the institutional review boards of all the sites where subjects were enrolled, and each participant (or the individual's parent or legal guardian) provided written, informed consent prior to enrollment in the study.
Subjects, Randomization, Study Treatments, and Follow-Up
All subjects were randomized into 2 treatment groups (hereafter, "group 1" and "group 2"), and only virologic responders, those subjects with a Ͼ0.75-log decrease in plasma HIV RNA concentrations, received study vaccinations. Subjects in group 1 received age-appropriate tetanus toxoid (TT) vaccine in the form of DTaP, Td, or DT vaccines (originally obtained from WyethAyerst and later from Aventis-Pasteur) at weeks 8, 16 , and 24 of the study and hepatitis A (HAV) vaccine (HAVRIX, 360 ELISA units/0.25 mL; GlaxoSmithKline Pharmaceuticals) at weeks 32, 40, and 48. Subjects in group 2 received HAV vaccinations at 8, 16, and 24 weeks and age-appropriate TT vaccinations at 32, 40, and 48 weeks. The rationale for the crossover design of the study was that it would facilitate evaluation of the breadth as well as the timing of responses to a neoantigen (HAV) and to a recall antigen (TT). In a later version of the protocol, an optional HAV booster vaccination was scheduled at study week 100, but only 5 individuals participated in this revised protocol prior to study closure.
Complete blood counts and biochemical assays, counts and percentages for CD4 and CD8 cells, and plasma viral loads were assessed at baseline (week 0) and at weeks 4, 16, 24, 32, 40, 48, 76, and 100. All immune responses, including lymphocyte proliferation and serologic responses, were measured at baseline and at weeks 12, 28, 36, 52, 76, and 100. All toxicities noted during the study were classified by use of the toxicity table for grading severity of pediatric (age, Ͼ3 months) adverse experiences created by the National Institute of Allergy and Infectious Diseases, Division of Acquired Immunodeficiency Syndrome. The relationships of toxicities to study vaccines were determined during monthly team conference calls.
Laboratory analysis.
HIV viral load and lymphocyte subset assays. Plasma samples went to a central, certified PACTG network laboratory for quantitative measurements of HIV RNA, which were obtained by using the first-generation Roche polymerase chain reaction (PCR) kit. The lower level of detection of the assay was 400 copies/mL. All the lymphocyte subset measurements were done at one of the certified PACTG flow cytometry laboratories and were reported as absolute numbers of cells per cubic millimeter and as percentages.
HAV antibody assay. Anti-HAV antibodies were measured by using a quantitative ELISA with precoated HAV microtiter plates (Viral Antigens). They were incubated with serial dilutions of anti-HAV quantitated in accordance with World Health Organization (WHO) Standards and 100L of serum samples diluted 1:21 in assay IgG diluent (Viral Antigens). This assay was validated by using 20 serum samples from HAV-naive, healthy volunteers and 10 serum samples with previously determined anti-HAV antibody concentrations (courtesy of Dr. Paul Willems, GlaxoSmithKline Vaccine Division). Titers 20 mIU/mL were considered protective against HAV infection and also defined HAV immune status [16] .
TT antibody assay. Quantitation of antibodies to TT was done by using the Tetanus IgG ELISA kit (RE56901; IBL Immuno Biological Laboratories). Optical density readings were compared to a WHO standard anti-tetanus antibody-derived curve. Protection against tetanus was established at 0.1 IU/mL of anti-TT antibody [17] .
Lymphoproliferative assay (LPA). Peripheral blood mononuclear cells (PBMCs) were isolated, and 100,000 PBMCs were placed in quadruplicate microtiter wells with either hepatitis A antigen (1440 units/mL; GlaxoSmithKline), tetanus antigen (2.5 g/ mL; Connaught Laboratory), or medium control in RPMI containing 20% human AB serum. After 6 days in a 5% CO 2 atmosphere at 37°C, the plates were pulsed with tritiated thymidine for 6 h, DNA was harvested onto glass fiber filters, and radioactivity was measured with a scintillation counter as counts per minute. Results were expressed as a stimulation index (SI), the ratio of median counts per minute in antigen-stimulated wells divided by the median counts per minute in unstimulated-medium control wells. Weekly measurements of cell-mediated immunity (CMI) to recall antigens obtained by using PBMCs from a normal donor served as positive controls. An SI Ͼ3 was considered a positive response and was routinely achieved in normal controls.
Statistical Analysis
To evaluate the spontaneous return of function, we used paired t tests to detect a 3-fold improvement in log-transformed SI values of TT LPA results, compared with baseline values, by weeks 12 and 28 for group 2. To evaluate the response to recall antigen after vaccination, we used a t test to detect a 3-fold difference between the 2 treatment groups with respect to the week-12 log-transformed SI values of TT LPA results. To evaluate the primary response to vaccination, we used a 2 test to compare the week-28 serologic response rates to HAV vaccine in the 2 groups. We made the following assumptions: the rate of response in group 1 was no greater than 10%, and the minimal effect of clinical importance would be an increase to a 35% response rate in group 2.
Missing data were assumed to be random. Unless otherwise stated, all P values were 2-tailed, and the level of significance used was .05. The changes at various time points from baseline values for the counts and percentages of CD4 and CD8 cells and the changes in log 10 plasma HIV RNA levels were summarized and assessed for statistical significance by using Wilcoxon matched-pairs signed rank tests and paired t tests, respectively. The serologic response titers and SI values were compared between groups by using Wilcoxon rank sum tests. The proportion of each group that showed a positive serologic response to each antigen (hereafter, "serologic responders") and the proportion of each group that showed a positive CMI response to each antigen (hereafter, "CMI responders") were compared across groups by using Fisher's exact test.
RESULTS
Characteristics of the Study Population
Eligible subjects were enrolled at 24 clinical sites and subsites from March 2000 through February 2006. Of 88 randomized subjects who enrolled in the study, 46 were virologic responders (VRs); these individuals received vaccinations (22 subjects in group 1 and 24 in group 2). Of the 22 VRs in group 1, there were 18 (82%) who received all 6 vaccinations and 4 subjects received 5, 4, 3, and 2 vaccinations each, respectively. Six of the 22 VRs in group 1 did not continue to participate in the study until week 100, for the following reasons: early closure of the study (3 subjects), closure of enrollment site (1 subject), and nonadherence or a need for unapproved changes to the antiretroviral regimen (2 subjects). Of the 24 VRs in group 2, a total of 21 (87.5%) received all 6 vaccinations. Five subjects in group 2 did not continue to participate in the study until week 100 because of closure of individual enrollment sites (1 subject) or early closure of the study (4 subjects). The demographic and baseline immunologic characteristics of the study population are presented in table 1. Overall, individual HAART regimens were diverse. The most common primary regimens were a single NNRTI alone, a single PI alone, boosted versions of PIs, or 2 PIs. Efavirenz and lopinavir-ritonavir (Kaletra) were the drugs most commonly prescribed.
Changes in Counts and Percentages of CD4 and CD8 Cells and in Plasma Viral Loads
Measurement of the counts and percentages of CD4 and CD8 cells and measurement of plasma viral loads were performed simultaneously. Data for CD4 cells and viral loads are shown in figures 1A-1C. We observed an overall increase in the absolute numbers of CD4 and CD8 cells and in the percentage of CD4 cells, coupled with a decrease in plasma viral load. CD4 cells counts and percentages increased significantly (P Ͻ .002) at all time points until week 100.
Each treatment group's trend with respect to changes in CD4 and CD8 cell count and percentage and viral load values was similar to that for the values of the group overall (data not shown). The VRs experienced a decrease in median log 10 RNA copies/mL from 4.8 to 2.6 after 4 weeks, and at week 100 they had a median viral load of 2.75 log 10 RNA copies/mL (P Ͻ .001) ( figure 1C) . The median change in viral load from baseline was Ϫ1.55 log 10 copies/mL.
The objectives of the study were to assess the following: (1) the ability of newly derived (presumed memory) CD4 T cells to spontaneously develop lymphoproliferative responses to a recall antigen, TT, or to develop responses after a single booster vaccination with TT vaccine; (2) the ability of the reconstituting immune system to respond to a full series of vaccinations with TT; (3) the development of protective antibody responses to a T cell-dependent antigen, by use of a primary series of HAV vaccinations; (4) the development of lymphoproliferative responses to T cell-dependent HAV and TT antigen after receipt of vaccine; (5) the durability of any response beyond the last vaccination; and (6) 
Lymphoproliferative Response to TT
Spontaneous return of function. To assess whether there would be a return of function in the absence of reexposure to a recall antigen (TT), the analysis focused on the group that did not receive TT vaccine initially (group 2). Although the mean differences in log 10 SI from baseline to 12 and 28 weeks were Ϫ0.077 and 0.1, respectively, (corresponding to a 0.84-fold and 1.26-fold change in SI, respectively), these differences were not significant (P ϭ .60 and .50, respectively) (figure 2).
Response to recall antigen after a single vaccination. The extent to which patients responded to tetanus as a recall antigen was assessed by comparing week-12 TT LPA data from the 2 groups; at this time point, subjects in group 1 had received a single tetanus vaccination and subjects in group 2 had not received TT vaccine at all. Although the mean log 10 SI was 0.39 in group 1 and 0.16 in group 2, which correspond to an SI of 2.45 and 1.45, respectively, this difference was not significant (P ϭ .08).
Comparative analysis of the groups at week 28. The TT SI values from the groups were compared at week 28, when subjects in group 1 had received 3 tetanus vaccinations and subjects in group 2 had not received TT vaccine at all. The SI for group 1 subjects was higher than that for group 2 subjects (P ϭ . Comparative analysis after complete tetanus vaccination series (week 28 data for group 1 vs. week 52 data for group 2). By comparing the SI for both groups after completion of the vaccination series, we had the opportunity to see whether increased numbers of CD4 cell at the time of vaccination in group 2 would improve the immune response. The SIs observed for the 2 groups were not significantly different (P ϭ .36). The median (IQR) SI was 9.3 (1.7-38.9) in group 1 and 24.7 (2.6 -213.2) in group 2. The percentage of CMI responders in the groups (11 [73%] of 15 in group 1 vs. 13 [72%] of 18 in group 2) was not significantly different (P ϭ .99).
Comparative analysis at 1 year after completing all tetanus vaccinations (week 76 data for group 1 vs. week 100 data for group 2). We looked at the SI at this time point as a way to assess the persistence of memory cells as a function of the timing of vaccination. The median (IQR) SI was 4.8 (1.2-59.3) in group 1 and 21.1 (1.2-73.8) in group 2; the percentage of responders was 55% (6 of 11) in group 1 and 65% (11 of 17) in group 2. When the groups were compared, there was not a significant difference (P ϭ .68 and .70, respectively).
Serologic Response to TT
Comparative analysis at week 28. The median TT titer for each group was compared at week 28, when group 1 subjects had 3 ). Comparative analysis of the groups after complete tetanus vaccination series (week 28 data for group 1 vs. week 52 data for group 2). The serologic titers of subjects from both groups were similar after completion of the vaccination series (P ϭ .462), despite increased CD4 cell counts in group 2 subjects. Median (IQR) titers in the groups were 3.63 IU/mL (1.99 -6.19 IU/mL ) and 2.75 IU/mL (1.0 -5.71 IU/mL), respectively. The percentage of responders in each group was not significantly different (100% [18 of 18] in group 1 vs. 89% [16 of 18] in group 2; P ϭ .243).
Comparative analysis of the groups 1 year after completing all tetanus vaccinations (week 76 for group 1 vs. week 100 for group 2). At this time point, median (IQR) titers in the 2 groups were 0.43 IU/mL (0.18 -2.03 IU/mL) and 0.80 IU/mL (0.21-2.08 IU/mL), respectively. The median titers and the percentage of responders (100% [15 of 15] in group 1 vs. 81% [13 of 16] in group 2) were similar (P ϭ .681 and .226, respectively).
Serologic Response to HAV Vaccine
Effect of vaccination (comparative analysis at week 28).
Subjects in group 2, who received HAV vaccine first, demonstrated a higher median (IQR) titer than subjects in group 1 (33 mIU/mL in group 2 vs 7 mIU/mL (3-18) in group 1; P ϭ .001). Of 20 subjects in group 2, there were 12 (60%) who had a protective response to the HAV vaccine, compared with 2 (11%) of the 18 subjects in group 1 who had not yet received the vaccine (P ϭ .002) (figure 4).
Effect of vaccination timing (comparative analysis after the complete HAV vaccination series; week 52 data for group 1 vs. week 28 data for group 2). When the groups were compared after completing all HAV vaccinations, a significant difference was seen with respect to the titers (P ϭ .008) but not with respect to the proportion of serologic responders to HAV (P ϭ .071). Subjects in group 1 (who received the HAV vaccine after the TT vaccine) had a higher median titer than group 2 subjects (median [IQR] , 107 mIU/mL [84 -508 mIU/mL] in group 1 vs. 33 mIU/mL [13-71 mIU/mL] in group 2). Of 16 group 1 subjects, 14 (88%) were responders, compared with 12 (60%) of 20 group 2 subjects. Durability of response (comparative analysis 1 year after completing all HAV vaccinations; week 100 data for group 1 vs. week 76 data for group 2). At this time point, the me- dian (IQR) titer was similar for both groups: 71 mIU/mL (31-90 mIU/mL) for group 1 and 18 mIU/mL (9 -63 mIU/ mL) (P ϭ .064). However, 12 (86%) of 14 group 1 subjects were serologic responders to HAV, compared with 9 (50%) of 18 in group 2 (P ϭ .039).
Lymphoproliferative Responses to HAV Vaccine to Assess T Helper Function
Comparative analysis at week 28. At this time point, the median (IQR) SI for each group was similar: 0.8 (0.7-1.2) for group 1 and 1.1 (0.9 -1.3) for group 2 (P ϭ .08). The proportion of responders in each group was not significantly different: 0 (0%) of 15 group 1 subjects and 1 (5%) of 20 group 2 subjects were responders (P ϭ .57). series (week 52 data for group 1 vs. week 28 data for group  2) . No significant difference was observed when the 2 groups were compared after completing all HAV vaccinations (P ϭ .16 and .28, respectively, for SI values and the percentage of CMI responders to HAV). Group 1 subjects, who received the HAV vaccine during the second 6 months of HAART, had a median (IQR) SI of 1.4 (0.9 -2.4). Group 2 subjects had a median (IQR) SI of 1.1 (0.9 -1.3 ). Of 13 group 1 subjects, 3 (23%) were CMI responders to HAV, compared with 1 (5%) of 20 group 2 subjects.
Comparative analysis after the complete HAV vaccination
Comparative analysis 1 year after completing all HAV vaccinations (week 100 data for group 1 vs. week 76 data for group 2). At this time point, the median (IQR) SI was similar for both groups: 1.4 (0.8 -2.4) for group 1 and 1.1 (0.9 -1.5) for group 2 (P ϭ .84). One (8%) of 13 group 1 subjects was a CMI responder to HAV, compared with 3 (17%) of 18 group 2 subjects (P ϭ .62).
Vaccine Safety
The vaccines were well tolerated and no severe adverse effects (i.e., grade Ͼ3) attributed to them were reported.
DISCUSSION
This study was designed to determine whether suppression of viremia, an increase in the number of CD4 T cells, or both were optimal for "functional" immune reconstitution in a cohort of individuals who had sustained a significant decline in their CD4 cell percentage prior to beginning HAART or changing their HAART regimen. The ability to respond to a neoantigen during the first year of HAART was poor, and the ability to respond to a recall antigen required from 1 to 3 vaccinations, indicating that the suppression of viremia was insufficient to restore functional cellular immune responses. A significant drop in viral load after beginning HAART was sustained in both groups during the study, which did not allow for the analysis of viral load effects that we had hoped for. Despite an early significant increase in T cell percentages, values above 25% were rarely attained, underscoring the difficulty in rapidly restoring CD4 cell populations in severely immunosuppressed patients.
Protective antibody to TT was seen at baseline in both groups, because a primary series of TT vaccinations was required for study entry. However, less than half of the previously vaccinated patients had protective levels of antibody to TT. The loss of humoral immunity to vaccines has been previously reported in HIV-infected children [18] . The increase in median titer and in the proportion of patients with titers Ͼ0.1 IU/mL in group 1 (the group that initially received tetanus vaccinations), compared with values for group 2, was significant only after the completion of 3 vaccinations, contrary to what has been observed in HIV-infected children with more normal immune responses. Rosenblatt et al. reported a robust increase in titers and proportion of responders after a single dose of TT in a cohort of children with CD4 percentages Ͼ25%; these subjects were vaccinated a longer period after beginning HAART or changing HAART regimen, allowing more time for immune reconstitution [19] .
In our study, the timing of vaccinations after beginning HAART did not seem to influence the strength of the responses to recall antigen. Successful seroconversion after 2 HAV vaccination in children who were receiving HAART and who had stable T cell populations has been reported [20] . Three HAV vaccinations were needed to produce a significant rate of response in this group which had a CD4 cell percentage Ͻ15% at baseline, despite an increase of 100 -200 in the absolute number of CD4 cells at the time of vaccination. Only 60% of HAV vaccine recipients responded if they were vaccinated in the first 6 months after beginning HAART; this number increased to 90% if vaccination was delayed. The proportion of responders in the delayed-vaccination group is comparable to that seen in a group of previously severely immunocompromised children with CD4 cell percentages Ͼ25% who received 2 HAV vaccinations 24 weeks apart [21] . However, in our cohort, the magnitude of the responses was inferior to the median titer achieved in that cohort (602 mIU/mL) after a third vaccination. The peak titer for HAV in our study was seen in group 1 (the group that was vaccinated 6 months after starting HAART). The sustainability of the titers was poor. A booster dose at week 100 was offered to all patients but few received it because of study closure. Those few individuals who received the booster dose developed noticeably higher titers, in the near-normal range, to the vaccine. These findings suggest that functional reconstitution may not simply be the result of the number of CD4 T cells; other functional or regulatory factors may improve over time and be equally important.
The recovery of CMI to TT did not occur spontaneously, although all subjects had previously received TT vaccines. Weinberg et al. also observed recovery of tetanus-specific lymphoproliferation in HIV-infected children after 48 weeks of effective HAART, correlated with low plasma viral load and a low percentage of activated CD8 cells [22] . In our study, limited CMI was seen after 3 vaccinations with TT. The response rate was far from the 50% response rate seen in subjects with a stable T cell population [23] . Moreover, the LPA response after a booster vaccination represented only a 4-fold increase over values observed prior to booster administration.
Our results indicate that, in a treatment-experienced population with a low percentage of T cells, a sustainable suppression of viremia can be achieved on initiation of HAART. Cell regeneration without complete viral suppression occurs very early after treatment, but the cells' functionality is partial. The approach to boosting immunity in such a population should perhaps be different from the practices advocated for a population with less immune attrition. The stimulation of returning memory cells may require reintroduction of recall antigens with a complete primary vaccination series, rather than a booster dose. More importantly, the administration of vaccinations after initiation of HAART should be delayed if the vaccine involves a neoantigen.
